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This paper  deals  with analysing  the impact  of  LV lines  impedance  on  the  operation  of overvoltage
protection, especially  on the  operation  of gas  discharge  arresters.  A model  of  the  overvoltage  protec-
tion  with  all elements  (gas  discharge  arrester  and  metal-oxide  surge  arrester)  was  developed  within  a
Simulink/Matlab  environment  for  this  purpose.  This  model  of LV  line  is  presented  as a  model  for  the
computation  of  transients.  Computations  were  carried  out  for various  line  lengths  and  various  combina-
tions  of  overvoltage  protection  elements.  On  the  basis  of  analyzing  the models  responses,  an analysis  waseywords:
vervoltage protection
etal-oxide surge arrester
as discharge arrester
lectric network
V lines
made on the  impact  of  the  impedance  of  LV  lines  on the  ability  of self-extinguishing  the  gas  discharge
arrester.  Some  additional  measures  are  also  proposed  for achieving  the  proper  operation  of overvoltage
protection.
© 2014  The  Author.  Published  by  Elsevier  B.V.  This  is an  open  access  article  under  the  CC  BY-NC-ND
license  (http://creativecommons.org/licenses/by-nc-nd/3.0/).ightning
. Introduction
The highest densities of thunderstorms with lightning in the
orld appear in tropical regions close to the equator. In most
emperate climate zones thunderstorms with lightning usually
ccur during the summer months. Nevertheless, there are some
egions belonging to the temperate climate zones of the world
here the more common are winter thunderstorms. Such a region
s the coastal part of Japan where winter lightning with current
mplitudes up to 200 kA can occur [1]. During the period of those
hunderstorms, the number of failures of electrical and electronic
evices increases. The main reason for these failures is overvoltage
n the wiring system caused by atmospheric discharges. In order
o protect against such failures that also cause material damage,
acilities should be equipped with lightning protection systems and
uality overvoltage protection. Both systems need to be connected
o an efﬁcient grounding system. The air terminal protects against
he effects of a direct lightning strike to the facility, whilst the over-
oltage protection system protects against other indirect effects of
ightning strikes within the vicinity of the facility, into low voltage
LV) lines and other parts of electrical wiring.
A high percentage of failures in electrical devices are caused by
vervoltage arriving at the facility through electrical wiring. The
∗ Corresponding author. Tel.: +386 2 2207055; fax: +386 2 2511178.
E-mail address: janez.ribic@um.si (J. Ribicˇ).
ttp://dx.doi.org/10.1016/j.epsr.2014.11.012
378-7796/© 2014 The Author. Published by Elsevier B.V. This is an open access article unauthors in [2] studied the effects of the overvoltage phenomenon
as a consequence of lightning strikes within radial LV networks.
They assumed the travelling of surge waves through the network.
The authors in [3,4] studied the distribution of lightning-induced
overvoltages within complex meshed LV distribution systems. The
standard [5] deﬁnes the rules on installing surge protective devices
(SPD) on the boundaries of lightning protection zones (LPZ). The
main elements of this overvoltage protection are the metal-oxide
(MO) surge arrester, gas discharge arrester, and various semicon-
ductor elements with adequate nonlinear voltage characteristic.
The standard [6] deﬁnes the rules on the characteristics and instal-
lation of gas discharge arresters within overvoltage protection
systems.
An increasingly important role in overvoltage protection is
played by the gas discharge arrester. It consists of two  metal elec-
trodes that are located in a gas insulation medium. The gap between
electrodes is ﬁlled with insulating gas under pressure of up to
100 mbar. Although it has a much longer response time before the
appearance of overvoltage (order of s) than a metal-oxide surge
arrester (order of ns), it is able to carry much higher current to the
ground than a metal-oxide surge arrester (order of 10 kA). For this
reason it is installed within the main distribution board. The phys-
ical properties of a gas discharge arrester are discussed by authors
in [7]. One of the most important properties of a gas discharge
arrester is its ability to self-extinguish an electric arc after the start
of the operation. Under certain circumstances the electric arc could
reignite after the zero crossing of the electric current and after
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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he passing of a surge wave. This is an undesirable phenomenon
hat leads to permanent line-to-ground fault and consequently to
he destruction of a gas discharge arrester. There are several rea-
ons why re-ignition may  occur after zero crossing of the current:
ue to deterioration of the arrester’s ﬁlling gas, due to the elec-
rode’s shape, due to the moment of operation and due to excessive
nductance within the circuit when using a gas discharge arrester.
he inductance causes increased phase angle between current and
oltage (lower power factor), which means longer burning of the
lectric arc during the arrester’s operation. As a result more heat
s released to the gas which reduces its dielectric strength [7]. The
tandard [6] mentions that for the proper operation of a gas dis-
harge arrester the ratio between the resistance and inductance is
lso important.
Another important element of overvoltage protection is the MO
urge arrester. It consists of metal-oxide semiconductor and the
ontacts deposited on it. Metal-oxide has very nonlinear IU char-
cteristics. Upon the occurrence of overvoltage it starts conducting
lectric current. In order to study the impact of the impedance of LV
ines on the operation of overvoltage protection, it is necessary to
uild adequate mathematical models of overvoltage protection sys-
em’s elements, i.e. models of gas discharge and metal-oxide surge
rresters, as well as models of lines and the entire LV network.
A mathematical model of generated overvoltage was set in [8]
nd improved in the paper of the authors [7]. A simple model of
n electric line was presented in [2]. The mathematical “” model
f an electric line for transient computations was discussed in [9]
nd improved in [10]. The authors in [7] dealt with a mathematical
odel of a gas discharge arrester on the basis of physical parame-
ers. A working group built a model of a MO surge arrester in [11].
his model was, in principle, intended for the computations of HV
urge arresters, but the authors in [8] adapted this model for LV
O  surge arresters. The above-mentioned improved and adapted
odels were used for the computations described below.
This paper deals with an LV network and discusses the impact of
nductance and resistance on a LV network during the operation of
vervoltage protection, especially on the ability to self-extinguish
n electric arc within a gas discharge arrester.
The content of the paper is as follows: Section 2 describes the
henomenon of overvoltage and overvoltage protection systems.
ection 3 presents the computation of the parameters of an LV
ine and a model of an LV line for transient computations. Sec-
ion 4 presents mathematical models of overvoltage source, gas
ischarge arrester, and MO  surge arrester. This Section also deals
ith overvoltage protection systems using a gas discharge arrester
nd MO  surge arrester. Both overvoltage protection systems were
odelled within a Simulink/Matlab environment package. Section
 presents the results of computations for both the overvoltage
rotection system models for various lengths of LV lines.
. Overvoltage, placement of a gas discharge arrester
ithin an overvoltage protection system
Let us assume a facility that should be protected against the
ffects of lightning. Lightning can strike either the facility, the
lectricity distribution line, near this line or another part of the
etwork. Its air terminal only protects the facility against the
ffects of a direct lightning strike, whilst the overvoltage protec-
ion system protects against other effects of lightning. Fig. 1 shows
n example of a lightning strike within a 10 kV medium voltage
MV) overhead line. The surge wave is at the point of strike
ivided between both directions of the line. At the transition point
f the overhead line to underground cable a reﬂection occurs
ue to a change of characteristic impedance. The reﬂected wave
rom the end of line has been added to the overvoltage surge
ave at the “T-node” . This overvoltage surge wave reaches thesearch 121 (2015) 216–226 217
distribution substation where it triggers the operation of a 10 kV
surge arrester. The remaining overvoltage surge changes shape
as it travels through the transformer and ﬁnally reaches the main
distribution board of the facility and the sub-distribution board
. The task of the overvoltage protection system of the facility
is to carry the remaining part of this wave to the ground [2,4].
Since the LV overhead line has no ground wire, lightning with a
high gradient of rising at the front of the surge wave can directly
strike the phase conductors or strikes near LV line and induces an
overvoltage surge wave on it [12].
The IEC 62305-4 Standard [5] deals with overvoltage protection
systems. It covers all types of facilities and equipment. It deﬁnes the
concept of lightning protection zones (LPZ) for protection against
the electromagnetic effects of lightning strikes (magnetic ﬁeld
strength H). It is assumed that an electric line crossing two protec-
tion zones should be protected by an overvoltage protection device.
Fig. 2 shows the placements of different levels of overvoltage pro-
tection within a LV network [5].
Overvoltage protection devices in overvoltage category 0 have
the ability to redirect currents of 10/350 s waveform up to
50 kA. They have to be capable of withstanding overvoltages up to
6 kV. The devices within overvoltage category I have to withstand
10/350 s impulse currents of up to 25 kA, in category II up to 5 kA
impulse currents of 8/20 s and 4 kV, whilst those in category III
need to be capable of withstanding 8/20 s impulse currents up
to 5 kA and 2.5 kV voltage [5]. There is one gas discharge arrester
for each phase conductor on the main distribution board, imme-
diately after the main circuit breaker (main fuses). These arresters
are placed on the border between LPZ 0A and LPZ 1. According to
Fig. 2, the gas discharge arrester belongs to overvoltage category
I. The electricity line to which the electric wiring of the facility is
connected can be additionally protected between the main distri-
bution board and the distribution substation by the overvoltage
protection devices of category 0. These protection devices have
to be mandatorily installed at all points of transition of the over-
head line to underground cable, due to the change of characteristic
impedance of the line. Under normal circumstances there are sev-
eral customers connected by an LV line. Nevertheless, let us assume
that we have only one customer connected to the LV line from the
substation. In the ﬁrst case there is no additional category 0 protec-
tion installed on this line, whilst in the second case there is an MO
surge arrester of the overvoltage category 0 installed between the
substation and the main circuit box of the facility. The main trans-
former in the substation has to be protected on the primary MV side
by medium voltage surge arresters of the overvoltage category 0.
3. Determination of electrical parameters of 0.4 kV
electricity lines
Resistance, inductance and capacitance of 0.4 kV LV lines are
computed using the procedure described in [13–15]. It requires
geometrical data of the relative positions of phase conductors and
possible ground wires (PEN conductors), as well as the clamping
height. In addition we  need geometrical (measurements of con-
ductors), structural (material, number of wires) and electrical (DC
resistance of aluminium part of steel reinforced aluminium con-
ductor RL) data of line conductors.
Practically all grounded parts in the facilities are of the TN-C-S
system, which means that a four wire system is needed to connect
the facility to the electricity distribution network. Thus we select
a four wire LV overhead line and assume that PEN conductor is
the highest conductor clamped to the line poles. The geometrical
dimensions of the poles are shown in Fig. 3.
We chose an Al 70 mm2 conductor, which is usual for such a
kind of load within rural networks. The data needed for the line
are given in Table 1. In order to calculate the inductance and
218 J. Ribicˇ / Electric Power Systems Research 121 (2015) 216–226
Fig. 1. Propagation of overvoltage wave at a lightning strike into a 10 kV overhead line.
Fig. 2. Placements of different levels of overv
Table 1
Input data for computation of parameters of 0.4 kV line.
Conductors L1, L2, L3, PEN SAG
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 607.3
⎤ ⎡
10.39 −3.14 −3.14 −1.63
⎤
0
“Distributed Parameter Transmission Line model”,
which is a part of the basic library of elements within
Simulink/SymPowerSystems program package [16], was usedMaterial A (mm ) d (mm)  Rv (/km) fmax (m)
Al 4 × 70 10.5 0.4371 0.5
apacitance of the line we also need the average height of the
onductor clamping (5.6 m,  as shown in Fig. 3) and average max-
mum sag of the conductors between two poles on the line route
Table 1).
Electrical parameters of 0.4 kV line were computed based on
hese input data. On the basis of the geometric input data of the
hree-phase LV line from Fig. 3 and data on the selected conductors
rom Table 1, line parameters for the three-phase system were com-
uted using the method of line parameters computation [13–15].
ll these values are represented in the matrix form in Eq. (1).
⎡
0.471 0 0 0
⎤ ⎡
1521 672.9 662.4L′ =
⎢⎣ 0 0.471 0 00 0 0.471 0
0 0 0 0.471
⎥⎦ ˝km phase ; LL′ =
⎢⎣ 672.9 1516 569.2 537662.4 569.2 1535 891
607.3 537.8 891.9 154oltage protection within a LV network.
The model parameters are selected from Eq. (1) based on the
assumption that at a certain moment an overvoltage surge of
1.2/50 s shape appears within phase L1. It travels through the
line to the gas discharge arrester and initiates its operation. At
that moment the current starts ﬂowing through line L1 to the
earthing system. During the operation of the gas discharge arrester
only those self-parameters of the topmost conductor L1 are taken
into consideration, whilst all mutual effects are ignored. From Eq.
(1) we  select frequency considered parameters for calculating the
per-unit-length line resistance RL′ = 0.471 /km, self-inductance
LL′ = 1521 H/km and self-capacitance CL′ = 10.39 nF/km. These
parameters are input data for the line model. On the basis of these
parameters it is possible to calculate characteristic impedance
Z = 382.6  and propagation speed v = 251.55 m/s..8
.9
0
⎥⎦ Hkm × phase ;  CL′ =
⎢⎣−3.14 9.76 −1.51 −1.29−3.14 −1.51 12.03 −5.50
−1.63 −1.29 −5.50 11.51
⎥⎦ nFkm phase (1)
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or analysing the impact of LV line length on the operation of a gas
ischarge arrester. This mathematical model is based on Dommel’s
heoretical concept of solving transients within electric power
ystems [10]. It is a frequency-independent model but can under
ertain assumptions also be used for those cases where at a certain
oment a 1.2/50 s overvoltage surge could appear in the LV line.
he ﬁrst assumption is that only the overvoltage surge propagates
hrough the LV line to the gas discharge arrester thus initiating its
peration. The LV line parameters thus inﬂuence the operation of
he gas discharge arrester mainly at the power system frequency
fter the passing of the overvoltage surge. A preliminary analysis
as also performed of the overvoltage surge propagation using arequency-dependent model developed within the PSCAD/EMTDC
rogram environment. The results of this analysis showed that for
 line length being equal to or lower than 1 km a surge-wave at
he end of the LV line is only insigniﬁcantly distorted with regard
Fig. 4. Model of overvoltage protection within Matlab/Simulink with gas dischsearch 121 (2015) 216–226 219
to its shape at the beginning of the line (the surge amplitude is
changed by up to ±10%, the gradient of the rising of the surge front
is reduced to 0.5 kV/s, and the overvoltage surge is delayed up to
3 s).
4. Model of overvoltage protection
In order to study the impact of line impedance on the self-
extinguishing ability of a gas discharge arrester, an adequate model
of the overvoltage protection system was  set up with an overvolt-
age source, and line and gas discharge arresters. This model was
used for simulating the responses of the gas discharge arrester in
case of the appearance of overvoltage on the LV overhead line, as
described below. There was also a discussion on the operations of
overvoltage protection systems, both with MO  surge arrester and
gas discharge arrester, as shown in Fig. 2. The model of overvoltage
protection with gas discharge arrester and MO surge arrester was
also used to present the role of a coordinated overvoltage protection
of the facility. For this purpose mathematical models of overvolt-
age source gas discharge arrester and MO  surge arrester are also
presented in the paper.
Fig. 4 shows the model of overvoltage protection with gas dis-
charge arrester and a mathematical model of the overhead line,
developed within the Matlab/Simulink environment for the simu-
lations of transients.
Fig. 5 shows the model of overvoltage protection with MO surge
arrester, gas discharge arrester, and mathematical model of the
overhead line, developed within the Matlab/Simulink environment
for the simulations of transients. This model was  used for comput-
ing the responses of overvoltage protection devices in the system
shown in Fig. 2.
The following models are elements of the model of overvoltage
protection from Figs. 4 and 5.
4.1. Mathematical model of overvoltage source
During the operation of an LV network an overvoltage appears
on it. Let us assume that a 1.2/50 s surge wave appears at a cer-
tain moment on an energized LV conductor. Overvoltage protection
devices are connected to each phase conductor; therefore, phase
voltage is used during the analysis. A mathematical model of a
1.2/50 s surge wave is presented in [11], whilst a mathemati-
cal model of the combined voltage with basic sinusoidal wave to
which at a certain moment an overvoltage wave is superposed, is
presented in [8].
arge arrester and a model of overhead line for simulations of transients.
220 J. Ribicˇ / Electric Power Systems Research 121 (2015) 216–226
Fig. 5. Model of overvoltage protection in Matlab/Simulink with gas discharge arr
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.2. Mathematical model of gas discharge arrester
The basic operational principles of gas discharge arresters are
epresented by the mathematical model presented in [8]. This
odel was upgraded with models of various operating states of
as discharge arrester [7], which was used for computations of
esponses of overvoltage protection presented below. The entire
odel of the gas discharge arrester is shown in the ﬂowchart in
ig. 6, where kEmax is the factor determining Emax at the given volt-
ge in m−1. It is computed using the ﬁnite elements method (FEM).
 is the counter of repeated operations of the gas discharge arrester,
cal is duration of simulation in s, t  is the time of the simulation
tep in s, uGDA is the computed voltage between the arresters ter-
inals in V, iGDA is the current through the gas discharge arrester
n A, Wel is the quantity of input electrical energy to the gas dis-
harge arrester in J, Rg is the resistance of the pre-discharged phase
n ,  RT is the resistance of the discharge phase in ,  Rarc is the
esistance of the arc in ,  R is the total resistance of the arrester in
, UDC is the critical voltage of the ﬁrst discharge in V, and Ebr(Wel)
s dielectric strength of the gas which depends on the quantity ofester, MO  arrester, and model of overhead line for simulations of transients.
input energy to the gas discharge arrester during its operation in
V/m.
During a normal operation at nominal voltage, a gas discharge
arrester behaves as an excellent insulator. This is the phase before
the discharge. The operation of the arrester is triggered when an
overvoltage uGDA appears at the arrester’s terminals within the
time ttr and exceeds breakdown voltage UDC. Discharge processes
begin to appear in the gas (Townsend discharge) – discharge phase
(Fig. 6). This fulﬁls the condition for the ﬁrst operation of the gas
discharge arrester – arc burning phase.
After the zero crossing of the current the arc extinguishes. How-
ever, at a certain voltage a repeated dielectric discharge can occur
due to the electric ﬁeld strength being higher than the dielectric
strength of the gas.
Another reason for re-ignition of the electric arc can be if the heat
released from the arc to the gas is higher than needed for dielectric
breakdown. In this case the gas is heated after the extinguishing
of the electric arc, and ionizes thus causing a thermal-ionization
breakdown after the zero crossing of the current.
In both cases self-extinguishing of the electric arc cannot be
ensured when re-ignition occurs. This process always leads to a
destruction of the gas discharge arrester.
For computations of the responses on the gas discharge arrester
the same values of input parameters as in [7] were used for the gas
discharge arrester model.
4.3. Mathematical model of metal-oxide surge arrester
The working group on MO  surge arresters presented in [11]
an equivalent electrical diagramme of an MO surge arrester for
investigating of transient states. This diagramme is in principle
intended for the modelling of HV surge arresters as power sys-
tem elements. The authors in [8] used this diagramme, as shown in
Fig. 7, for setting up a model of the LV MO surge arrester within
the Simulink program tool. A characteristic of an LV MO  surge
arrester, as used for overvoltage protection and shown in Fig. 2 was
measured in the ICEM laboratory. The characteristic of this surge
arrester was computed based on statistical analysis of the mea-
sured results. Other parameters regarding the circuit diagram of
an MO surge arrester were computed using the procedure given in
[11]. This improved model is used for the computation of responses
in Fig. 5. The characteristic A0 in Fig. 7 is deﬁned by the equation
i = 3.936 × 10−31·u11.39, whilst the characteristic A1 is deﬁned by the
equation i = 3.145 × 10−30·u11.39.The mathematical model of an MO  surge arrester is fre-
quency dependent and suitable for the computations of fast
transients. The inductance L0 and resistance R0 (Fig. 7) represent
the input ﬁlter. The inductance L1 and resistance R1 represent the
J. Ribicˇ / Electric Power Systems Research 121 (2015) 216–226 221
Fig. 7. Equivalent electrical diagramme of MO  surge arrester.
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ntermediate ﬁlter between the shifted characteristics A0 and
1 for high frequencies. C0 is the capacitance of the MO surge
rrester.
. Examples of computations with overvoltage protection
odels
In regard to the computations of responses of the gas discharge
rrester, we wanted to prove that line impedance inﬂuences the
elf-extinguishing ability of the electric arc. Five such computa-
ions were carried out. Two computations were performed using
he model of an overvoltage protection system with a gas discharge
rrester (Fig. 4) and three with the model of an overvoltage protec-
ion system with a gas discharge arrester and a MO surge arrester
Fig. 5). The ﬁrst computation was made for the overvoltage protec-
ion system with the gas discharge arrester installed at the end of
 1 km long LV overhead line (Fig. 4). The second computation was
ade for the case where the gas discharge arrester was  installed at
he end of a 50 m long LV overhead line (or branch line) (Fig. 4). The
hird computation was carried out using the model shown in Fig. 5,
here the MO  surge arrester was connected in the middle of a 50 m
ong LV overhead line, according to Fig. 5. The fourth computation
as equivalent to the third one but with a changed characteristic of
he gas discharge arrester. In the ﬁfth case we computed using the
vervoltage protection model shown in Fig. 5, where the MO surge
rrester was installed at the beginning of the line (50 m away from
ts beginning). The gas discharge arrester was placed 1 km away
rom it.
For the computation of responses regarding the overvoltage pro-
ection models in Figs. 4 and 5, an overvoltage source composed
f sinusoidal voltage 230 V/50 Hz and a surge wave of 1.2/50 s
ith an amplitude of 500 V that is at the moment of triggering
tr = 5.1 ms  superimposed to the sinusoidal wave. Such an ampli-
ude of damped discharge wave can actually reach the electrical
iring of the facility. In the model in Fig. 4 the voltage of the source
(t) is acquisited by the “V-meter”. The “V-metre 2” is used for the
cquisition of voltage drop on the gas discharge arrester uGDA(t).
his can also be the voltage drop on electrical wiring containing thes discharge arrester, and supply voltage.
gas discharge arrester as an overvoltage protection element within
the main circuit box. The “A-metre 2” is used for the acquisition
of current through the gas discharge arrester iGDA(t). The over-
voltage protection model in Fig. 5 also contains an MO varistor.
The “A-metre 1” is used for acquisition of current through the MO
surge arrester iMOV(t) and the “V-metre 1” for the acquisition of the
voltage drop on the MO  surge arrester uMOV(t).
5.1. Computating the parameters of the overvoltage protection
model with a gas discharge arrester for a 1 km long LV overhead
line
The results of the computation for RL′ , LL′ , CL′ , fint = 50 Hz and
l = 1 km were used as input data for the LV overhead line model. An
overvoltage surge wave of 1.2/50 s shape and 500 V amplitude
appeared at the beginning of a 1 km long line or at some other
parts of the network. The gas discharge arrester was  located at
the end of a 1 km long overhead line. The computation results are
shown in Fig. 8. It is evident that an overvoltage surge wave (u)
appeared after 5.1 ms.  The gas discharge arrester started to con-
duct electric current (iGDA). After the zero crossing of this current
the arc extinguished and the gas discharge arrester ceased to con-
duct. The voltage drop on the arc uGDA was constant during the
arc burning phase. It can be seen that the current through the gas
discharge arrester iGDA(t) lagged the source voltage u(t). The zero
crossing of the current thus occurred at a noticeably higher source
voltage. This fact caused an abrupt change in the voltage on the
gas discharge arrester uGDA(t). This change, however, did not cause
dielectric breakdown in the gas after the zero crossing of the current
(Fig. 8). The capacitance of the LV line is the reason why the volt-
age between the arrester terminals on the gas discharge arrester
uGDA(t) is, in the case of increasing of overvoltage u(t), higher than
this overvoltage. The gas discharge arrester reacted properly.
The time responses of the current and voltage on the gas dis-
charge arrester, connected to the phase voltage U = 230 V, were
measured in the ICEM laboratory (Fig. 9(a)). Gas discharge arrester
GDA1 on Fig. 9(a) is connected in the opposite direction to provide
that after the triggering of 1.2/50 s overvoltage surge wave with
222 J. Ribicˇ / Electric Power Systems Research 121 (2015) 216–226
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chaffner surge the generator network voltage does not appear
n it. The measured time diagrams of voltage (U2 – Fig. 9(a)) and
urrent (I – Fig. 9(a)) on the gas discharge arrester are shown in
ig. 9(b). At a certain moment the discharge surge wave was  trig-
ered by a Schaffner pulse generator. With regard to the fact that the
esistance of the feeder obtained by measurements Rm ≈ 0.4  is
omparable with the computed value Rl = 0.471 ,  the amplitudes
f the measured and computed current through the gas discharge
rrester are approximately the same. They differ by 16.4%. The
ine inductance (L = 1.51 mH)  is higher than the inductance of
he coil in the measuring arrangement (Lm ≈ 0.9 mH), therefore in
igs. 8 and 9(b) the computed current has a larger phase shift than
he measured one.
The time diagramme of the results for uGDA and iGDA was to some
xtent consistent with the computation results. The difference was
n current amplitude.
Fig. 10 shows the time diagramme of the absolute value of the
ighest electric ﬁeld strength |E| in the gap between the gas dis-
harge arrester electrodes, dielectric strength of the gas Ebr, and
he quantity of energy input during the arc burning phase Wel. In
his case the quantity of heat released from the arc was low, since
he input of electrical energy Wel was small (Wel < 20 J). It was  for
his reason that the dielectric strength of the gas Ebr did not fall
elow the maximum electric ﬁeld strength in the gap between the
lectrodes |Emax|. For the same reason, a re-ignition of the electric
rc between the electrodes did not appear after the zero crossing of
he current. Self-extinguishing of the electric arc was thus ensured.
he overvoltage surge wave was dampened due to the signiﬁcant
ength of the LV overhead line (l = 1 km). The current amplitude iGDA
as low due to the high impedance. This meant that the quantity
f energy released from the arc was insufﬁcient to cause a repeated
ielectric breakdown after the extinguishing of the electric arc.
Fig. 10. Time diagram of |Emax|, Epr and Wel o arrester. (b) Response of voltage drop on and current through the gas discharge
5.2. Computation of parameters regarding an overvoltage
protection model with a gas discharge arrester and 50 m long line
The overvoltage protection model from Fig. 4 was used in the
second case. A discharge surge wave appeared at the beginning
of the 50 m long LV overhead line, which was  superposed by the
phase voltage of one phase u(t), as shown in Fig. 11. The results
of the computation for RL′ , LL′ , CL′ , fint = 50 Hz and l = 0.05 km were
used as input data for the LV overhead line model.
It was evident from the computed responses of current iGDA(t)
and voltage uGDA(t) on the gas discharge arrester that the electric
arc re-ignited immediately after the zero crossing of the electric
current. A self-extinguishing capability of the electric arc was  not
ensured in this case.
Due to the low resistance of the LV overhead line the cur-
rent iGDA(t) was so high that the quantity of electrical energy Wel
released in the electric arc (Fig. 12) was also high. Consequently
large quantities of heat were transferred to the gas which caused a
strong decrease in the dielectric strength of the gas Ebr. The current
iGDA(t) was ionized at the moment of zero crossing. This resulted
in a thermal-ionization breakdown and the arc did not extinguish
anymore [5]. This process inevitably led to the destruction of the
gas discharge arrester and to a permanent line to ground fault.
5.3. Computation regarding the parameters of an overvoltage
protection model with gas discharge arrester and MO surge
arrester for a 50 m long LV overhead lineThe next overvoltage protection model computation was made
for the model in Fig. 5. An MO surge arrester was installed at the
middle of a 50 m long overhead branch line. According to Fig. 5
the model of the section of the branch line from the beginning to
n the 1 km long overhead branch line.
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Fig. 11. Voltage drop and current through the gas discharge arrester, and supply voltage on a 50 m long LV overhead line.
 Wel o
t
t
u
l
t
w
o
rFig. 12. Time diagram of |Emax|, Epr and
he MO  surge arrester was represented by a distributed parame-
er line of the length l = 0.025 km.  The parameters of the line were
nchanged from the previous cases. The second part of the branch
ine was modelled in a similar way to the ﬁrst one. At the moment of
he overvoltage surge wave appearance both protection elements
ere activated (u(t) in Fig. 13). It can be seen from the voltage drop
n the MO  surge arrester uMOV(t) in Fig. 14 that the overvoltage was
educed due to the operation of the surge arrester. Nevertheless, it
Fig. 13. Voltage drop on and current through then the 50 m long overhead branch line.
was still high enough to trigger an operation of the gas discharge
arrester (uGDA(t) in Fig. 13). A small portion of the current dur-
ing the conductive phase of the MO surge arrester was grounded
(iMOV(t) in Fig. 14). The remaining part was  grounded through the
gas discharge arrester. At the moment of zero crossing of iGDA at
this conﬁguration of overvoltage protection the electric arc extin-
guishes and does not re-ignite. This was a case of coordinated
overvoltage protection [17,18].
 gas discharge arrester and supply voltage.
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Fig. 14. Voltage drop on and current through the MO surge arrester.
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oFig. 15. Voltage drop on and current throu
.4. Computation regarding the parameters of an overvoltage
rotection model with gas discharge arrester and MO  surge
rrester for a 50 m long LV overhead line, but with a different
haracteristic of the gas discharge arrester
The next case of the overvoltage protection computation had
dentical conﬁguration as the previous one. Only the gas discharge
rrester was different. Its operation voltage was UDC = 600 V and
ot 500 V, as in the previous case. After the appearance of the
vervoltage surge wave (u(t) in Fig. 15) the MO surge arrester
Fig. 16. Voltage drop on and current  gas discharge arrester and supply voltage.
reacted and started to conduct. The voltage drop on the MO surge
arrester (uMOV(t) in Fig. 16) in this case stayed below 500 V, and
due to the fact that the UDC of the gas discharge arrester was
above that value, it did not start to conduct. The current through
the gas discharge arrester amounted to zero. The entire voltage
drop on the MO  surge arrester was also on the gas discharge
arrester (uGDA(t)). The current through the MO surge arrester
iMOV(t) stayed low due to the shape of the overvoltage surge
wave. This was a case of uncoordinated overvoltage protection
[17,18].
through the MO surge arrester.
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Fig. 17. Voltage drop on and current through the MO surge arrester.
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.5. Computation regarding the parameters of an overvoltage
rotection model with gas discharge arrester for a 1.05 km-long
V overhead line and a MO  surge arrester located 1 km away from
he gas discharge arrester
The last computation using the overvoltage protection model
ith gas discharge arrester and MO surge arrester was  performed
y analysing a snapshot of the real situation. As in Fig. 2 the MO
urge arrester was installed near the distribution substation (50 m
way). The gas discharge arrester was placed 1 km further down
he line as in case 5.3. Following the appearance of the overvolt-
ge surge wave, the MO  surge arrester started to conduct (uMOV(t)
n Fig. 17). This voltage exceeded the ignition voltage of the gas
ischarge arrester (uGDA(t) in Fig. 18). The current started to ﬂow
hrough the gas discharge arrester. After the zero crossing it fell to
ero and the arc did not re-ignite.
. Conclusions
A model of an overvoltage protection system was developed,
onsisting of models of surge wave source, LV line, MO surge
rrester, and a gas discharge arrester. The computation results
howed that the impedance of the LV line inﬂuenced the operation
f the overvoltage protection system, especially the operation of the
as discharge arrester regarding its ability to self-extinguish. Short
ines (e.g. branch lines) had relatively low impedance, which could
ave contributed to the occurrence of re-ignition regarding the
lectric arc in the gas discharge arrester. Due to the high current the
uantity of heat released to the gas was also high. Longer lines had gas discharge arrester and supply voltage.
higher impedance, which caused lower current and consequently
less heat released to the gas, insufﬁcient to cause re-ignition.
The designers of overvoltage protection should thus take into
consideration the conﬁguration of conductor arrangement and the
selected cross-sectional areas of the conductors. All these parame-
ters inﬂuence the total line impedance. On the basis of performed
computations we have concluded that for short lines it is neces-
sary to install an additional MO surge arrester (for LPZ 0) to the
LV line between the distribution substation and the ﬁnal consumer
who has overvoltage protection with a gas discharge arrester. The
coordinated overvoltage protection should consider a correct selec-
tion of characteristics regarding the gas discharge and MO  surge
arresters.
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